We examined the adulticidal activity of 34 plant essential oils when they were sprayed on female Culex pipiens pallens adults. At concentrations of 1000 ppm, four oils, namely, cardamom, coriander, rosemary, and sandalwood, had adulticidal activities ranging from 68% to 98% at 1hr after treatment. Insecticidal efficacy decreased with all essential oils at 6 and 24 hr after treatment; however, sandalwood maintained an efficacy rate of over 85%. Sandalwood oil had the highest adulticidal activity with an LC 50 value of 445 ppm at 1 hr after treatment. GC/MS analysis revealed that the major components of sandalwood oil were asantalol (69.4%) and b -santalol (15.3%). In the insecticidal activity of major monoterpene components of the four oils, a-santalol and b -santalol proved to have the lowest LC 50 values 1, 6, and 24 hr after treatment. When PBO, DEF, TPP, and DEM known inhibitors of enzyme-related insecticide resistance promotion, were mixed with each of the four essential oils, a synergistic effect was observed in the mixture of PBO (100 ppm) and sandalwood (500 ppm) up to more than 80%, and the effect was maintained up to 24 hr after treatment.
Introduction
Mosquitoes are a major global public health concern as they are not only nuisances, but also transmit diseases such as malaria, yellow fever, dengue hemorrhagic fever, encephalitis and filariasis. 1, 2) At present, most mosquito populations are more or less effectively controlled by synthetic insecticides; however, increasing resistance to a variety of insecticides has been observed. 3, 4) Moreover, the large-scale use of synthetic insecticides over the last seven decades has led to health problems in non-target organisms, including humans, as well as observable negative effects on the environment. [5] [6] [7] These problems have prompted renewed interest in safe plant-derived insecticides that can be used to control mosquito populations without residual effects on non-target organisms or the environment. Recently, plant essential oils have become a promising source of pest control compounds and are the active subject of novel research in the field of agricultural and medical entomology. [8] [9] [10] [11] [12] Various plant essential oils have been examined for their mosquito growth-regulating activity, 9) adulticidal fumigant activity, 10) and repellent activity. 11, 12) Neem oil was shown to contain biologically active constituents such as azadirachtin, meliantriol, salanin, nimbin and nimbidin, which have larvicidal effects against Anopheles mosquitoes. 13, 14) Moreover, when Annona squamosa and Pongamia glabra oils were mixed with neem oil, they showed synergistic larvicidal effects against Culex quinquefasciatus. 15) Another study showed that the main larvicidal constituents of essential oil extracts from aromatic plants are thymol, carvacrol, and a-pinene. 16) Thus, most studies examining the mosquito insecticidal effects of plant essential oils have focused on the larval stage of the mosquito. Even though several plant essential oils have been found to have insecticidal and/or repellent activity against pests, 17) they have not been used commercially.
This is mainly because essential oils lose their insecticidal efficacy due to their rapid evaporation. In this study, we examined the insecticidal activity of 34 essential oils against house mosquito, Cx. pipiens pallens (Diptera: Culicidae), adults using the spray method. The effective oils were then analyzed by GC-mass spectrometry (MS), and the constituents were tested for their insecticidal efficacy. We also examined the insecticidal efficacy of these efficacious oils by mixing with enzyme (responsible for resistance development in insects) inhibitors and synergists.
Materials and Methods

Insects
Culex pipiens pallens mosquitoes were collected from various spots in Muneui, Cheongwon, Chungbuk province, South Korea, and were subsequently bred in an insectary. They were continuously maintained for several generations. The laboratory colony was maintained at 26Ϯ5°C and 70Ϯ10% relative humidity under a 16 : 8 hr (light : dark) photoperiod. Larvae were fed a finely ground fish diet, the quantity of which was adjusted according to larval development. Adults were provided with 10% sucrose solution in a breeding net (40ϫ27ϫ30 cm) and periodically bloodfed on a restrained mouse. Adult females of 5-10 days old were used.
Chemicals and essential oils
Except for cinnamon (FKA Co., France), lemongrass (Charabot Co., France), pennyroyal (Hasegawa Co., Japan), and sandalwood (EuroAroma Co., Germany), the other oils were purchased from JinArome Co. (USA). Terpene chemicals; camphor (96%), 1,8-cineole (99%), linalool (97%), a-terpinene (85%), g-terpinene (97%), and b -pinene (99%) were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI, USA) while geranyl acetate (99%) was from Fluka Co. (Switzerland), a-terpinolene (85%) was from TCI Co. (Japan) and a-santalol and b -santalol were from EuroAroma Co. (Germany). The synergists piperonyl butoxide (PBO), S,S,S-tributyl phosphorotrithioate (DEF), triphenyl phosphate (TPP), and diethyl maleate (DEM) were from SigmaAldrich Chemical Co.
Bioassay
To evaluate the adulticidal effects of the various oils against Cx. pipiens pallens, a pump-type spray (particle size: 400 mm) was used. An orifice spray having an output capacity of 0.1 to 0.15 ml per activation can comfortably support a single spray using a tip nozzle of 0.15 mm diameter. The essential oils and monoterpenes were prepared from stock solutions, diluted with 99% ethanol (DC Chemical Co., South Korea), and adjusted to 1,000 ppm concentration. Ethanol was used as a control. For this bioassay, female mosquitoes were blood-starved for 5-7 days and then gently transferred to a 1,000 cm 3 cylindrical chamber (84 mm dia.ϫ180 mm ht.) with a net on its upper side (20 mosquitoes were used for each test). The test was performed at 20°C. The mosquitoes were allowed to adjust to the cylinder chamber for 5 min before the spray was applied homogenously onto the mosquitoes and sprayed in the direction of the sector. To achieve a homogenous spray, we sprayed an empty space several times before spraying in the direction of the chamber. An amount of 0.4gϮ0.01 g was delivered with each spray. Each oil was diluted to an appropriate concentration with ethanol. Each bioassay was performed with at least three replicates. The insects were considered dead when they were upside down. Mortality was assessed 1, 6 and 24 hr after treatment and was expressed as LC 50 and LC 95 using standard probit analysis. 18) To evaluate the synergistic effects of the enzyme inhibitors, PBO, DEF, TPP, or DEM were added to the four adulticidal essential oils. Adulticidal efficacy was determined 1, 6 and 24 hr after spraying female Cx. pipiens pallens adults. The results were compared using the t-test.
GC-MS analysis of essential oils
The essential oils with adulticidal activity were analyzed by GC-MS (Hewlett Packard, 7890A/5975C) equipped with a splitless injector. GC analysis was performed using DB-WAX (0.25 mm I.D.ϫ30 m length and 0.25 m m thick) and DB-1 (0.25 mm I.D.ϫ30 m length and 0.25 m m thick), fused to a silica capillary column. Helium served as the carrier gas at a flow rate of 1.0 mL/ min, in splitless mode. The injector and detector temperatures were 200°C and 210°C, respectively. The initial temperature was 30°C. This was ramped to 180°C at 2°C/min and this temperature was held for 60 min. Spectra were obtained at 70 eV. The GC-MS-separated oil components were identified by comparing the mass spectra of each peak with those of authentic samples in a mass spectra library (The Wiley Registry of Mass Spectral Data).
Results and Discussion
Adulticidal effects of essential oils
Most of the mosquito control programs using essential oils have targeted larval stages 2, 14, 15, 17) while other studies focused on the ability of essential oils to repel or inhibit, reproduction, or oviposition of the various mosquito species adults. 11, 19) Very few studies have examined the ability of essential oils to kill adult mosquitoes upon direct contact. In the present investigation, we measured the adulticidal activity of 34 essential oils against female adults of Cx. pipiens pallens using a pump spraying method. Ethanol, used as a control and dilution solvent, did not show any killing or knockdown effect. At concentrations of 1,000 ppm, four essential oils showed insecticidal effects that exceeded 60% 1 hr after treatment. The order of efficacy 1 hr after treatment was: sandalwoodϾrosemaryϾcardamomϾcoriander oil ( Fig. 1) . Although some of the knocked-down mosquitoes had recovered by 6 hr after treatment, the relatively high effect of sandalwood oil was maintained during the experimental period, when compared with the other three oils.
We then quantitatively examined the adulticidal activity of sandalwood oil and the other three insecticidal oils in more detail by determining their LC 50 and LC 95 values (Table 1) . LC 50 values of sandalwood oil were 445, 540 and 547 ppm at 1, 6 and 24 hr after treatment, respectively. While the activity of rosemary appeared higher than cardamom and coriander at 1,000 ppm 1 hr after treatment, LC 50 values of rosemary oil (685, 960 and 1,025 ppm at 1, 6 and 24 hr, respectively) were not significant different from those of coriander oil (584, 807 and 793 ppm at 1, 6 and 24 hr, respectively) with the 95% fiducial ranges overlapping each other. The lowest activity of cardamom oil among the four tested essential oils was demonstrated by the LC 50 values (887, 1,240 and 1,027 ppm at 1, 6 and 24 hr, respectively). The LC 95 values of all four essential oils were considerably high compared to the LC 50 values. For all essential oils, the LC 50 values at 1 hr after treatment were lower than at 6 hr because we counted the total number of knocked-down mosquitoes as dead in this study, and a substantial level of recovery was observed from 1 to 6 hr after treatment. By contrast, LC 50 values at 6 and 24 hr were almost identical for all of the tested essential oils, indicating no significant recovery after 6 hr, and therefore, there is a critical point that determines the mortality of an insect between 1 hr and 6 hr after treatment. It may therefore be interesting to note that the LC 95 value of coriander oil considerably decreased over time up to 24 hr, although the reason for this is unclear at present.
Sandalwood is a fragrant wood, the essential oil of which is used in the food industry and as an ingredient of many cosmetics. While sandalwood oil and its major constituents are shown to have low acute oral and dermal toxicity in laboratory animals, 20) they have been shown to have good larvicidal activity against Aedes, Anopheles, and Culex. 21) Sandalwood Mosquito Sticks ® containing 0.5% w/w sandalwood oil are mosquito repellents. 22) Australian sandalwood (Santalum spicatum) oil has also been reported to reduce the survival and average longevity of the larvae 
23)
To date, various essential oils including those from neem, basil and peppermint have been shown to have insect larvicidal activity. Basil 24) and peppermint 25) oils also have repellent potential, as is observed for clove oil 11) and citronella oil. Citronella oil is currently used as the active ingredient of several brands of commercial repellents. Neem, basil, peppermint, clove, and citronella oils, however, showed no notable insecticidal efficacy toward adult mosquitoes in this study.
Oil component analysis and adulticidal effects of terpene components
In order to examine the oil components that contribute to insecticidal activity, the four oils were analyzed by GC-MS ( The adulticidal efficacies of the ten major monoterpene components were examined by spraying female Cx. pipiens pallens adults (Table 3) . a-Santalol, the most abundant component of sandalwood oil had the best adulticidal activity with an LC 50 of 505 ppm 1 hr after treatment, followed by b -santalol, the second 95 values was again observed from 1 hr to 6 hr after treatment, due to recovery from knockdown of some tested insects. The values were not significantly changed between those at 6 and 24 hr. Although it is possible that the constituents of an essential oil may act cooperatively, the relatively high activity of a-and b -santalol suggests that these compounds primarily account for the superior adulticidal activity of sandalwood oil.
Effects of synergists on the adulticidal activity of essential oils
The time-dependent increase of LC values suggested that the metabolic degradation of essential oils in mosquitoes may significantly affect their insecticidal activity. To test this possibility, we examined the effects of typical metabolic inhibitors that have been occasionally used as synergists of synthetic insecticides. The compounds tested include PBO, DEF, TPP and DEM, which inhibit the detoxification enzymes that have been shown to be involved in insecticide resistance. 17, 26, 27) Specifically, PBO inhibits cytochrome P450 monoxygenase, 28) DEF and TPP inhibit esterase, 29, 30) and DEM inhibits glutathione-S-transferase. 31) Considering the LC 50 value of sandalwood oil (445 ppm), we set the concentration of each tested essential oil at 500 ppm, and each inhibitor was mixed therein at concentrations of 1, 10, or 100 ppm to spray on Cx. pipiens pallens adults (Fig. 2) . While none of the inhibitors showed a synergistic effect on the insecticidal activity of cardamom, coriander or rosemary oil, PBO at 100 ppm significantly augmented the adulticidal efficacy of sandalwood oil to over 80% 1 hr after treatment. DEF also elevated the adulticidal efficacy of sandalwood oil to over 60%, although the activity increase was not statistically significant. Sandalwood oil with PBO (100 ppm) also showed a significant mortality increase 6 and 24 hr after treatment. It is likely that a-and b -santalols undergo oxidative detoxification by cytochrome P450 in mosquitoes.
In summary, the results of the present investigation suggested that sandalwood oil has very high spray adulticidal efficacy against Cx. pipiens pallens, and that this effect is augmented synergistically by PBO at concentrations of 100 ppm. Although PBO is a well-known inhibitor of cytochrome P450 monooxygenase, no information on the metabolism of essential oils and terpene compounds such as santalol in mosquitoes is currently available, and further studies are needed to determine the mechanism of this synergistic effect by PBO. 
